In the present study, we show that cholesterol crystals induce NFκB activation, and ICAM1 and VCAM1 expression via xanthine oxidase-mediated H 2 O 2 production and PP2A inhibition in influencing endothelial cell and monocyte interactions and all these adverse effects of cholesterol crystals could be attenuated by proresolving lipid mediator RvD1. In addition, feeding mice with cholesterol rich diet (CRD) increased xanthine oxidase expression, its activity and H 2 O 2 production leading to PP2A inhibition, NFκB activation, and ICAM1 and VCAM1 expression and RvD1 attenuated all these effects of CRD substantially. Furthermore, peripheral blood mononuclear cells (PBMCs) from wild type mice when injected into mice that were fed with CRD or RvD1 + CRD showed increased leukocyte trafficking to arteries of CRD-fed mice as compared to RvD1 + CRD mice. These findings suggest that cholesterol crystals via promoting oxidant stress and inhibiting Ser/Thr phosphatases such as PP2A stimulate NFκB activation and ICAM1 and VCAM1 expression, and thereby enhance EC-monocyte interactions. In addition, proresolving lipid mediators such as RvD1 appear to exert their antiinflammatory effects via countering the adverse effects of cholesterol crystals or CRD.
Introduction
Endothelium, the single innermost cell layer of the vascular wall, plays a key role in vascular function by regulating vascular tone, inhibiting platelet and leukocyte adhesion and limiting vascular proliferation [1] . Dysfunctional endothelium, as characterized by increased permeability, enhanced stickiness to platelets and leukocytes and heightened production of cytokines, provokes the pathogenesis of various vascular diseases including atherosclerosis and hypertension [2, 3] . The expression of adhesion molecules such as ICAM1 and VCAM1 by the dysfunctional endothelium triggers the adherence of leukocytes to the endothelium and their subsequent transmigration into the vessel wall, an important event in setting vascular inflammation [4, 5] . These events appear to be mediated by increased ROS production and NFκB activation [6, 7] . A large amount of evidence also shows that dysfunctional endothelium generates excessive ROS production [8, 9] .
RvD1, a specialized proresolving lipid mediator, exhibits anti-inflammatory effects both in vitro and in vivo [10] . In addition, it has been reported that RvD1 protects endothelial adherens junction integrity and barrier function [11] . In recent years, many studies have reported the presence of cholesterol crystals in human atherosclerotic plaques [12] [13] [14] . It was also reported that cholesterol crystals promote plaque vulnerability and rupture [14, 15] . Besides, studies from our laboratory showed that cholesterol crystals induce foam cell formation [16] , disrupt adherens junctions and increase vascular permeability [17] . Based on these observations, we wanted to test whether cholesterol crystals have any effect on endothelial cell (EC)-monocyte interactions, and if so, the efficacy of RvD1 in suppressing these effects. Here, we show that cholesterol crystals via xanthine oxidase-mediated H 2 O 2 production, PP2A inactivation, NFκB activation and ICAM1 and VCAM1 expression trigger EC-monocyte interactions. In addition, our findings reveal that RvD1 prevents cholesterol crystals-induced ECmonocyte interactions via suppressing H 2 O 2 -mediated PP2A inhibition, NFκB activation and ICAM1 and VCAM1 expression. Furthermore, mice fed with CRD showed increased expression and activity of XO, H 2 O 2 production, PP2A inhibition, NFκB activation and ICAM1 and VCAM1 expression in their arteries with enhanced stickiness to leukocytes and RvD1 attenuates all these adverse effects of CRD.
Materials and methods
Reagents: Anti-ICAM1 (SC-18853), anti-VCAM1 (SC-13160), anti-IKKα/β (SC-7607), anti-IκBα (SC-1643), anti-NFκB (SC-3721), antipPP2A-C(α/β) (SC-12615R), anti-PP2A-C(α/β) (SC-56950), anti-α-tubulin (SC-23948) and anti-XO (SC-398548) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Neutralizing anti-ICAM1 (ab171123), pIKKα/β (ab194528) and neutralizing anti-VCAM1 (ab47159) antibodies were obtained from Abcam (Cambridge, MA). Cytostatin (19602), pyrrolidinedithiocarbamic acid (PDTC) (20713), QNZ (10006734) and Resolvin D1 (10012554) were purchased from Cayman Chemical Company, (Ann Arbor, MI). Anti-pIκBα (2859) and anti-pNFκB (3033) antibodies were obtained from Cell Signaling Technology (Beverly, MA). Ser/Thr phosphatase assay kit (17127) was bought from Millipore (Temecula, CA). Amplex Red Hydrogen Peroxide Assay kit (A22188), Pierce LAL Chromogenic Endotoxin Quantification kit (88282), Medium 200 (M200500), Low Serum Growth Supplements (S003K), BCECF (B1170) and gentamycin/amphotericin solution (R01510) were obtained from ThermoFisher Scientific (Waltham, MA). Allopurinol (PHR1377) and PKH67 Green Fluorescent Cell Linker kit (PKH67GL) were bought from Sigma Aldrich Company (St Louis, MO).
Cell culture: Human aortic endothelial cells (HAECs) (Cat. No. H6052) were purchased from Cell Biologics (Chicago, IL) and cultured in Medium 200 containing low serum growth supplements (LSGS), 10 μg/ml gentamycin and 0.25 μg/ml amphotericin B. Cultures were maintained at 37°C in a humidified 95% air and 5% CO 2 atmosphere. HAECs between 6 and 10 passages were growth-arrested by incubating in Medium 200 without LSGS for 6 h and used to perform the experiments unless otherwise indicated.
Animals: C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA). Mice were maintained at UTHSC vivarium according to the Institutional Animal Care and Use Committee's guidelines. The Animal Care and Use Committee of the University of Tennessee Health Science Center, Memphis, TN, approved all the experiments involving animals. Mice were fed with cholesterol rich diet (Cat. No. D12108C, Research Diets, New Brunswick, NJ) in combination with and without RvD1 (10 μg/kg body weight every 2 days) or left on CD for 12 weeks and used. At the end of the experimental period, mice were sacrificed by ketamine/xylazine overdose and the aortas were isolated for further analysis as required.
Preparation of cholesterol crystals: Cholesterol crystals were prepared as described previously [16] . Briefly, 25 g of anhydrous cholesterol was dissolved in 2 L of prewarmed (60°C) 95% ethanol. While warm, the mixture was filtered through a Whatman 1 paper to remove the particles. The filtrate was then left at room temperature overnight and the sedimented cholesterol crystals were collected by filtration through Whatman 1 paper and dried at room temperature. The same procedure was repeated twice in order to obtain pure monohydrated cholesterol crystals. The crystals were grounded using a mortar and pestle and stored in an amber colored bottle at −20°C and used as needed.
H 2 O 2 production assay: HAECs with and without the indicated treatments were collected by scraping into PBS and 50 μl of the cell suspension was incubated with 50 μl of 100 μM Amplex Red along with 0.2 U/ml of HRP for 30 min at 37°C in the dark. Following incubation, the fluorescence intensity was measured in SpectraMax Gemini XPS Spectrofluorometer (Molecular Devices) with excitation at 530 nm and emission at 590 nm. The H 2 O 2 production was expressed as RFU.
Immunoprecipitation: Immunoprecipitation was performed as described previously [18] . Cell or tissue extracts containing equal amount of protein from control and the indicated treatments was incubated with the indicated primary antibody at 1:100 dilution overnight at 4°C. Protein A/G-conjugated Sepharose CL-4B beads (50 μl of 50% slurry) were added and incubation continued for an additional 1 h at room temperature and the beads were collected by centrifugation at 1000 rpm for 1 min at 4°C. The beads were washed three times with lysis buffer (PBS, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, 100 μg/ml PMSF, 100 μg/ml aprotinin, 1 μg/ml leupeptin, 1 M glycerophosphate and 1 mM sodium orthovanadate) and once with PBS, boiled in SDS sample buffer and analyzed by immunoblotting.
Western blot analysis: Cell or tissue extracts containing equal amounts of protein from control and the indicated treatments were resolved by SDS-PAGE. The proteins were transferred electrophoretically to a nitrocellulose membrane. After blocking in either 5% (W/V) nonfat dry milk or 5% (W/V) BSA, the membrane was probed with appropriate primary antibodies followed by incubation with horseradish peroxidase-conjugated secondary antibodies. The antigenantibody complexes were detected using enhanced chemiluminescence detection reagents.
PP2A activity: To measure PP2A activity, the cell or tissue extracts containing equal amounts of protein were immunoprecipitated with anti-PP2A antibody and the immunocomplexes were analyzed for phosphatase activity as described by Narayanan et al. [19] .
Monocyte adhesion: THP1 cell adhesion to HAEC monolayer was measured using a fluorometric method [18] . HAEC monolayer was grown to confluency, quiesced and treated with and without cholesterol crystals (200 μg/ml) for 2 h. Wherever RvD1, pharmacological inhibitors or neutralizing antibodies were used, they were added to cells 30 min prior to treatment with and without cholesterol crystals. THP1 cells that were labeled with 10 μM BCECF in serum-free medium for 30 min were placed on HAEC monolayer at 8 × 10 4 cells/well, and incubation continued for another 1 h. After incubation, the nonadherent cells were washed off with PBS and the adherent cells were lysed in 0.2 ml of 0.1 M Tris-HCl buffer, pH 8.0, containing 0.1% Triton X-100. The fluorescence intensity was measured in a Spectra Max Gemini XPS Spectroflurometer (Molecular Device) with excitation at 485 nm and emission at 535 nm. Cell adhesion was expressed as RFU.
Monocyte transmigration: THP1 cell transmigration through HAEC monolayer was measured as described previously [20] . HAECs that were grown to confluency and quiesced for 6 h in serum-free Medium 200 were treated with and without cholesterol crystals for 2 h. Wherever RvD1, pharmacological inhibitors or neutralizing antibodies were used, they were added to HAEC monolayer 30 min prior to treatment with and without cholesterol crystals. Then, THP1 cells labeled with BCECF were added at 1 × 10 5 cells/well onto HAEC monolayer and incubation continued overnight at 37°C. After incubation, medium was removed, cells were washed with PBS and culture inserts were removed. Cells on top of the inserts were removed with cotton swab, fixed with methanol for 10 min and placed on slides upside down. Cells were observed under a Zeiss fluorescence microscope (Axio Observer.Z1) using a 10X/NA 0.6 objective and the images were captured by AxioCam MRm camera without any enhancements using the microscope operating and image analysis software Axiovision Version 4.7.2 (Carl Zeiss Imaging Solutions GmbH). Isolation of peripheral blood mononuclear cells (PBMCs): Mice were anesthetized with ketamine/xylazine. Blood was collected by cardiac puncture into BD Vacutainer K2 EDTA tubes and diluted with an equal volume of PBS. Blood was then overlaid on the top of Lymphoprep solution (2:1) and centrifuged at 1500 rpm for 30 min at 4°C. The white buffy coat layer enriched with PBMCs was collected, washed with PBS, resuspended in PBS, and labeled with PKH67 green fluorescent cell tracker according to the manufacturer's instructions.
In vivo leukocyte adhesion assay: WT mice fed with CRD alone or in combination with RvD1 or left on CD for 3 months were anesthetized with ketamine/xylazine, and peripheral blood mononuclear cells isolated from WT mice were injected via tail vein (1 × 10 6 cells/mice).
Twenty-four hours later, aortas were isolated, cleaned, fixed, opened, stained with DAPI, mounted on a slide with luminal side up and examined under a Zeiss inverted microscope (Axio Observer.Z1, 40X/NA Statistics: All the experiments were performed three times and the data were presented as Mean ± SD. The treatment effects were analyzed by one-way ANOVA followed by Tukey's post hoc test or Student's t-test using GraphPad Prism software (5.03) and the p values < 0.05 were considered to be statistically significant.
Results

Cholesterol crystals induce ICAM1 and VCAM1 expression in endothelial cells via activation of NFκB
Many studies have demonstrated the presence of cholesterol crystals in atherosclerotic plaques and their role in inflammasome formation [13] [14] [15] 21] . But the underlying mechanisms of inflammation and atherosclerotic lesion progression by cholesterol crystals were not fully understood. As endothelial dysfunction [3, 6] and inflammation [2] are linked to the development of atherosclerosis and to understand the potential mechanisms by which cholesterol crystals influence these events, we tested the effect of cholesterol crystals on the expression of cell adhesion molecules. Cholesterol crystals increased both ICAM1 and VCAM1 expression in a time dependent manner (Fig. 1A) . Since adhesion molecules play a critical role in the recruitment of monocytes to and transmigration through the EC monolayer into the artery and thereby influence inflammation [4, 22, 23] , we tested the effect of cholesterol crystals on HAEC and monocyte interactions. Cholesterol crystals induced monocyte adhesion to HAECs and neutralizing anti-ICAM1 or anti-VCAM1 antibodies substantially inhibited this effect (Fig. 1B) . Similarly, cholesterol crystals induced transmigration of monocytes through HAEC monolayer and this effect was also suppressed by both anti-ICAM1 and anti-VCAM1 neutralizing antibodies (Fig. 1C) . The observed effects of cholesterol crystals on cell adhesion molecules expression and EC-monocyte interactions were not due to their contamination with LPS as cholesterol crystals were found to be free of endotoxin (Fig. 1D) . A large body of evidence shows that NFκB mediates ICAM1 and VCAM1 expression in response to many agonists [5, 24, 25] . To understand the mechanisms by which cholesterol crystals induce ICAM1 and VCAM1 expression in HAECs, we tested the role of NFκB. Cholesterol crystals induced IKKα/β, IκBα and NFκB phosphorylation in a time dependent manner (Fig. 2A) . In addition, pharmacological inhibitors of NFκB, namely PDTC and QNZ [26] , blocked cholesterol crystals-induced IKKα/β, IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression (Fig. 2B) . Inhibition of NFκB also blocked cholesterol crystals-induced adhesion of monocytes to HAECs and their transmigration through HAEC monolayer ( Fig. 2C and D) . 
Xanthine oxidase-dependent H 2 O 2 production mediates cholesterol crystals-induced NFκB activation and ICAM1 and VCAM1 expression in endothelial cells
Previously, we have shown that cholesterol crystals trigger H 2 O 2 production via xanthine oxidase activation [27] . Based on these findings, we tested the role of xanthine oxidase-mediated H 2 O 2 production in cholesterol crystals-induced NFκB activation. As expected, cholesterol crystals induced H 2 O 2 production and Allopurinol, a specific inhibitor of xanthine oxidase [28] , suppressed this effect (Fig. 3A) . Allopurinol also inhibited cholesterol crystals-induced IKKα/β, IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression ( Fig. 3B and C). Consistent with these observations, inhibition of xanthine oxidase by Allopurinol also blocked cholesterol crystals-induced adhesion of monocytes to HAECs and their transmigration through HAEC monolayer ( Fig. 3D and E) .
Resolvin D1 blocks NFκB activation and ICAM1 and VCAM1 expression by protecting PP2A activity from oxidant-mediated inhibition
Resolvins, a group of specialized proresolving lipid mediators produced by metabolic conversion of omega 3 polyunsaturated fatty acids, particularly docosahexaenoic acid and eicosapentaenoic acid have been shown to possess anti-inflammatory functions [10] . Since cholesterol crystals induced NFκB activation and ICAM1 and VCAM1 expression, which are implicated in the propagation of inflammation [21] [22] [23] , we asked the question whether Resolvin D1 counters these effects. RvD1 attenuated cholesterol crystals-induced H 2 O 2 production and protected PP2A activity from inhibition ( Fig. 4A and B) . RvD1 also blocked cholesterol crystals-induced PP2A-C(α/β) tyrosine phosphorylation (Fig. 4C ). In line with these observations, RvD1 suppressed IKKα/β, IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression ( Fig. 4D and E) . RvD1 also inhibited cholesterol crystals-induced adhesion of monocytes to HAECs and their transmigration through HAEC monolayer ( Fig. 4F and G) . If the anti-inflammatory effects of RvD1 were due to its protection of PP2A from oxidant-mediated inhibition, then one would expect that pharmacological inhibition of PP2A should negate its effects. Indeed, in the presence of cytostatin, a specific inhibitor PP2A [29] , RvD1 failed to block cholesterol crystals-induced IKKα/β, IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression ( Fig. 5A and B) . Consistent with these observations, inhibition of PP2A by cytostatin completely negated the effect of RvD1 in blocking cholesterol crystals-induced adhesion of monocytes to HAECs and their transmigration through HAEC monolayer (Fig. 5C and D) .
CRD triggers xanthine oxidase-dependent H 2 O 2 production, PP2A inactivation, NFκB activation and ICAM1/VCAM1 expression and RvD1 negates these effects
To validate the in vitro observations in vivo, WT mice were fed with CRD in the presence and absence of RvD1 (10 μg/kg body weight by IP every 3rd day) or left on CD for 12 weeks and tested for XO expression and its activity, PP2A activity, NFκB activation and ICAM1 and VCAM1 expression. Feeding mice with CRD for 12 weeks led to increased expression and activity of XO that in turn augmented H 2 O 2 production (Fig. 6A-C) . CRD feeding also led to increased PP2A-C(α/β) tyrosine phosphorylation and its inhibition ( Fig. 6D and E) . In addition, feeding mice with CRD induced IKKα/β, IκBα and NFκB phosphorylation and ICAM1 and VCAM1 expression (Fig. 6F and G) . RvD1 inhibited all these adverse effects of CRD on XO expression and its activity, H 2 O 2 production, PP2A-C(α/β) tyrosine phosphorylation and its inactivation, NFκB activation and ICAM1 and VCAM1 expression (Fig. 6A-G ). To find whether CRD feeding activates endothelium rendering it more susceptible to leukocyte stickiness and RvD1 aborgates this effect, PBMCs were isolated from WT donor mice and injected into mice that were fed with CRD or RvD1 + CRD or left on CD for 12 weeks and 24 h later the aortas were isolated and examined for the adhesion of leukocytes. As compared with aortas from CD-fed mice, the aortas from CRD-fed mice showed increased adhesion of leukocytes ( Fig. 7A and B) . The aortas from RvD1 + CRD-fed mice showed substantially lower number of adhered leukocytes as compared to aortas from CRD-fed mice ( Fig. 7A and B) .
Discussion
Vascular endothelium is a primary site of immunological attack in inflammatory vascular diseases, and its dysfunction can lead to the development of atherosclerosis [30] [31] [32] . In the initial stages of atherogenesis, endothelial cell expression of adhesion molecules such as ICAM1 and VCAM1 enhances leukocyte recruitment to the endothelium and sets the soil for the initiation of vascular inflammation [33, 34] . Several studies have shown the presence of cholesterol crystals in the atherosclerotic plaques and considered to be involved in provoking local inflammation [13] [14] [15] . In fact, it was reported that cholesterol crystals induce inflammasome formation and generate proinflammatory cytokines [21] . Previously, we have reported that cholesterol crystals induce foam cell formation [16] , whose accumulation in the artery leads to lesion progression [35] . We have also reported that cholesterol crystals disrupt endothelial cell adherens junctions and increase its barrier permeability [17] . In fact, a recent study also showed that endothelial cells when overloaded with intracellular cholesterol levels in conditions such as hyperlipidemia triggers cholesterol crystal production, that in turn disrupts endothelial cell barrier function [36] . Cholesterol crystal production was also reported in hepatocytes when mice were fed with increased dietary cholesterol [37] . In the present study, we show that cholesterol crystals besides their effect on adherens junction disruption induce ICAM1 and VCAM1 expression in endothelial cells, which could support its role in inflammation. A large number of studies have shown that NFκB plays a role in the expression of cell adhesion molecules in response to inflammatory cytokines [5, 24, 25] . In line with these findings, we found that cholesterol crystals activate NFκB in mediating the expression of ICAM1 and VCAM1 in endothelial cells. The presence of activated NFκB in human and experimental atherosclerotic lesions has also been reported [38, 39] .
A large number of studies have shown that ROS mediate NFκB activation [40, 41] . A role for ROS in the expression of cell adhesion molecules has also been reported [42, 43] . In exploring the mechanisms by which cholesterol crystals activate NFκB, we found that cholesterol crystals induce H 2 O 2 production by increasing XO activity. Indeed, XOmediated H 2 O 2 production appears to be required for cholesterol crystals-induced NFκB activation and ICAM1 and VCAM1 expression and EC-monocyte interactions, as all these effects were suppressed by Allopurinol, a specific inhibitor of XO [28] . One of the potential mechanisms of H 2 O 2 in the mediation of NFκB activation could be due to its capacity to inhibit protein phosphatases such as PP2A. Previous studies have shown that tyrosine phosphorylation of the catalytic subunit of PP2A leads to its inactivation [44] . In this context, we found that cholesterol crystals induce tyrosine phosphorylation of PP2A catalytic subunit C and this correlates with inhibition of its activity. In addition, Allopurinol inhibited cholesterol crystals-induced tyrosine phosphorylation of PP2A catalytic subunit C and its activity. Based on these observations it is most likely that inhibition of PP2A activity is involved in cholesterol crystals-induced phosphorylation of IKKα/β, IκB and NFκB. The kinases IKKα/β upon activation by inflammatory molecules, phosphorylates its substrate IκB leading to its ubiquitination and proteasomal degradation and as a result NFκB is relieved from its inhibitory constraint and becomes activated [25, 45] . The role of PP2A in cholesterol crystals-induced NFκB activation can be further confirmed by the findings of RvD1, a specialized proresolving lipid mediator [46, 47] . Our results show that RvD1 via suppression of XO-mediated H 2 O 2 production prevents tyrosine phosphorylation of PP2A-C(α/β) and inactivation by cholesterol crystals, thus promoting the dephosphorylation and inactivation of NFκB. The observation that RvD1 fails to prevent NFκB activation, ICAM1 and VCAM1 expression and ECmonocyte interactions in the presence of pharmacological PP2A inhibitor further confirms the role of PP2A in the modulation of the effects of cholesterol crystals. One of the mechanisms by which H 2 O 2 mediates cellular signaling is its capacity to oxidize the cysteine residues in the catalytic sites of protein tyrosine phosphatases (PTPs) rendering them inactive, which in turn, promotes the phosphorylation and activation of protein tyrosine kinases (PTKs) [48] [49] [50] [51] . Previously, we have shown that LPS via XOmediated ROS production triggers the oxidation of the catalytic cysteine residue of SHP2 leading to its inactivation [27] . It was reported that H 2 O 2 inhibits SHP2 activity via oxidation of its catalytic cysteine residue [48, 51, 52] . Based on these observations, it is possible that cholesterol crystals could inhibit SHP2 activity which in turn may result in increased PP2A-C(α/β) tyrosine phosphorylation and decreased PP2A activity and thereby leading to NFκB activation. Our in vitro studies on the effects of cholesterol crystals in ECs can be supported by the observations that feeding mice with CRD triggers XO induction, H 2 O 2 production, NFκB activation, ICAM1 and VCAM1 expression in the arteries and monocyte recruitment to the arteries in vivo. In addition, RvD1 via preventing XO-mediated H 2 O 2 production and PP2A inhibition reversed all the adverse effects of cholesterol crystals on NFκB activation, ICAM1 and VCAM1 expression and monocyte recruitment to the arteries. In conclusion, as depicted in Fig. 8 , the present study provides evidence that cholesterol crystals by XO-mediated H 2 O 2 production leads to inhibition of PP2A activity, activation of NFkB and expression of ICAM1 and VCAM1 facilitating EC-monocyte interactions, events that play a critical role in atherogenesis. Since the protective effects of RvD1 were linked primarily to its efficacy to suppress cholesterol crystals-induced H 2 O 2 production and PP2A inhibition, it is possible that RvD1 acts as an oxidant scavenger.
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